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Abstract: One of the biggest puzzles concerning the cuprate high temperature 
superconductors is what determines the maximum transition temperature (Tc,max), which 
varies from less than 30 K to above 130 K in different compounds. Despite this dramatic 
variation, a robust trend is that within each family, the double-layer compound always has 
higher Tc,max than the single-layer counterpart. Here we use scanning tunneling microscopy to 
investigate the electronic structure of four cuprate parent compounds belonging to two 
different families. We find that within each family, the double layer compound has a much 
smaller charge transfer gap size (∆CT), indicating a clear anticorrelation between ∆CT and 
Tc,max. These results suggest that the charge transfer gap plays a key role in the 
superconducting physics of cuprates, which shed important new light on the high Tc 
mechanism from doped Mott insulator perspective. 
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Introduction 
Since the discovery of copper oxide (cuprate) high temperature superconductors about 30 
years ago, understanding its microscopic origin has become one of the greatest challenges in 
condensed matter physics. The problem is well-defined, i.e., to find the mechanism of Cooper 
pairing for charge carriers residing in the two-dimensional CuO2 plane that is common to all 
cuprates. However, after decades of experimental and theoretical investigations, very few 
consensuses have been reached [1-5]. Figure 1A displays the schematic phase diagram of 
hole-doped cuprates, in which only two well-defined phases are unambiguously determined. 
First, the parent compound is an antiferromagnetic (AF) Mott insulator due to strong onsite 
Coulomb repulsion, and the long-range AF order is suppressed by hole doping. Second, the 
superconducting (SC) phase exists in a range of hole concentrations, and the Tc,max is reached 
at optimal doping near the center of the dome. The definition and doping dependence of other 
phases, such as the pseudogap phase [6] and charge orders in the underdoped regime [5], are 
still under much debate. 
One of the central issues about the cuprates is what determines the Tc,max of a specific 
system, which varies dramatically from 25 K to 138 K in ambient pressure [7]. A highly 
robust, but yet mysterious trend is that within each family the double-layer compound has 
much higher Tc,max than the single-layer counterpart. Finding the physical parameter that 
controls Tc,max is apparently a key step for solving the high Tc superconductivity puzzle. For 
conventional BCS (Bardeen-Cooper-Schrieffer) superconductors, for example, a crucial 
breakthrough for the final resolution of phonon-mediated mechanism is the discovery of the 
isotope effect Tc ∼ m-1/2, where m is the isotopic mass [8, 9]. For the cuprates, there were 
previous attempts to find the scaling relation between Tc and other physical parameters, such 
as superfluid density [10] and metallic conductivity near Tc [11]. However, these are 
macroscopic properties of the SC phase itself, which dictate the phase transition 
phenomenology but provide little hint regarding the origin of Cooper pairing in the first place. 
It is highly desirable to find a direct connection between Tc,max and the microscopic electronic 
structure, especially that of the parent compound from where superconductivity emerges. 
 The most relevant bands of the cuprates derive from the Cu 3𝑑𝑥2−𝑦2 orbital and two O 
2p orbitals in the CuO2 plane [12], as schematically drawn in Fig. 1B. Due to strong onsite 
Coulomb repulsion and relatively small charge transfer energy, the half-filled parent 
compound is a Mott insulator of the charge transfer type [13]. The hopping integral between 
O and Cu sites, as well as the onsite and off-site Coulomb repulsions, may all affect the 
behavior of doped charges hence Tc,max. Despite this complexity, we notice that the most 
significant energy scale in the electronic structure of parent cuprate is the charge transfer gap 
(CTG) between the upper Hubbard band (UHB) and the charge transfer band (CTB, or the 
Zhang-Rice singlet band), which characterizes the energy needed for an O site electron to 
migrate to the neighboring Cu sites [14]. If the doped Mott insulator picture is indeed the 
valid theory for high Tc superconductivity, there might exist a direct link between the CTG 
size ΔCT in the parent compound and Tc,max at the optimal doping. In a recent theoretical work, 
the charge transfer energy εd - εp of various cuprates was calculated by first-principles 
calculations and cluster dynamical mean-field theory [15], and was shown to anticorrelate 
with Tc,max. However, so far the relationship between these two important quantities has not 
been investigated experimentally. 
In this paper we use scanning tunneling microscopy (STM) to investigate the CTG in 
four parent cuprates belonging to the Can+1CunO2nCl2 and Bi2Sr2Can-1CunO2n+4 families 
respectively. We found that within each family, the double-layer compound (n = 2) has much 
smaller ΔCT than that of the single-layer (n = 1) compound. The anticorrelation between ∆CT 
and Tc,max within each family suggests that the Mottness in parent cuprate plays a crucial role 
in determining the SC properties upon charge doping. In particular, reducing the electron 
correlation strength to the intermediate regime enhances superconductivity, which is 
consistent with the pairing mechanism based on the doped Mott insulator picture. 
Methods 
For CCOC single crystals, polycrystalline samples are firstly synthesized by heating the 
powder mixture of CaO and CuCl2 with a molar ratio of 2:1 at 1073 K for 24 h with 
intermediate grindings. Then they are heated to 1203 K at a ramp rate of 60 K/h and are kept 
 there for 10 h. Finally, CCOC single crystals are obtained by cooling at a rate of 60 K/h down 
to room temperature. 
For 2-layer CCOC single crystals, the CaO, CuCl2 and CuO powders are firstly mixed 
with a molar ratio of 3:1:1 and heated to 1223 K at a rate of 180 K/h and kept there for 24 h. 
The polycrystalline samples are obtained by cooling down to room temperature at a rate of 
240 K/h. The 2-layer CCOC single crystals are then obtained with a similar approach as the 
CCOC, with the reaction temperature raised to 1373 K. 
High quality Bi-2201 and Bi-2212 single crystals are grown by the traveling solvent 
floating zone method [16, 17]. The typical size of the sample is about 2 × 2 × 0.1 mm3, which 
can be obtained by cleaving the as-grown bulks. Various dopings can be obtained by 
changing the chemical substitution and post-annealing under different temperatures and 
atmospheres. For Bi-2212 samples, we obtain nearly insulating samples by annealing in 
vacuum. All the samples are wrapped with Au foil during the annealing and quenched in 
liquid N2 immediately after the annealing. 
The details of the STM experiments were described elsewhere [18, 19]. All the STS 
results reported here are obtained at liquid nitrogen temperature T = 77 K so that there is 
finite tunneling current flowing through the highly insulating cuprate crystals. The samples 
are precooled to 77 K and cleaved in the ultrahigh vacuum chamber with pressure ~ 10-11 
mbar, and then transferred into the STM stage immediately. An electrochemically etched 
tungsten tip is calibrated on a clean Au (111) surface before approaching the sample surface. 
The differential conductance (dI/dV) curves are obtained by using standard ac lock-in 
technique with a modulation frequency f = 423 Hz. 
Experimental results 
Figure 1C and 1D display the layered crystal structure of the four cuprates studied here. 
The single-layer oxycloride Ca2CuO2Cl2 (CCOC) is a well-known Mott insulator, and the 
Tc,max can reach 26 K by Na substation of Ca. Its double-layer counterpart is Ca3Cu2O4Cl2 
(dubbed “2-layer CCOC” hereafter), in which the two CuO2 planes are separated by a Ca 
layer, and Na doping leads to a Tc,max ~ 49 K [20]. Bi2(Sr,La)2CuO6+δ (Bi-2201) and 
 Bi2Sr2(Ca,Dy)Cu2O8+δ (Bi-2212) are the single-layer and double-layer compounds of the 
widely-studied Bi family cuprates with Tc,max around 38 K and 95 K, respectively. There are 
two reasons why we choose to study these four cuprates. First, they can be cleaved easily 
between two van der Waals bonded neighboring layers, as indicated by the blue planes in Fig. 
1C and 1D, resulting in ideal surfaces for STM studies. Second, for these systems high 
quality single crystals with doping at or close to the parent Mott insulator phase are available. 
For CCOC and 2-layer CCOC, pristine parent compounds can be grown by the flux method, 
and the former one has been investigated extensively as a prototypical Mott insulator [18, 21, 
22]. For Bi-2201, La replacement of Sr introduces electron doping that reduces the hole 
density to the highly insulating regime close to the parent phase [16, 23]. For Bi-2212, Dy 
substitution of Ca and further annealing in vacuum can also make it close to the parent Mott 
insulator limit [17, 24]. 
Shown in Fig. 2A inset is the atomically resolved topographic image of CCOC taken 
with bias voltage V = -3 V and tunneling current I = 8 pA, in which the exposed Cl atoms 
form a square lattice. On the CCOC surface, the electron density of states (DOS) is highly 
uniform in space, as reported previously [18]. Figure 2A displays a spatially-averaged 
differential conductance (dI/dV) curve measured on a defect-free area of the CCOC surface. 
The most prominent feature of the spectrum is a well-defined energy gap around the Fermi 
level (EF), which is the CTG of this parent Mott insulator. To give a quantitative analysis of 
the gap size, we take the logarithm of dI/dV signal as shown in Fig. 2B, which is a common 
practice for extracting insulating energy gap from dI/dV spectroscopy [25, 26]. The two gap 
edges show linear behavior in the logarithmic plot, which gives a more accurate fit for the 
exponentially decayed gap edges. By using the intersection of the fitted dashed blue lines 
illustrated in Fig. 2B, the CTG size of CCOC is determined to be ΔCT = 2.0 eV. This value is 
also in quantitative agreement with that of a single CuO2 layer grown on Bi-2212 substrate by 
molecular beam epitaxy technique [27]. 
We then performed the same measurements on the 2-layer CCOC Mott insulator. The 
topographic image (taken with V = -3 V and I = 1 pA ) in Fig. 2C inset also shows a square 
lattice of the surface Cl layer. Figure 2C displays a spatially-averaged dI/dV curve measured 
 on a defect-free area of 2-layer CCOC surface. The CTG size is extracted to be ΔCT = 1.4 eV, 
significantly smaller than that of single-layer CCOC. In Fig. 2D we put the dI/dV curves of 
the two samples together, which reveal striking similarities between them. They both show a 
well-defined energy gap with steep gap edges. The EF lies close to the occupied states, or the 
CTB, and is much further away from the unoccupied UHB. The negative half (occupied 
states) of the two curves are quite similar, but the positive half shows a more pronounced 
shift. 
Figure 3A and 3B insets are the atomically resolved topographic images of Bi-2201 and 
Bi-2212 scanned using bias voltages V = -1.2 V and -1.8 V, respectively. The exposed BiO 
planes of both samples show stripe-like structural super-modulations. In addition to the 
surface Bi-site vacancies, there are also bright and dark patches in both samples due to the 
chemical and electronic inhomogeneities that are ubiquitous in underdoped cuprates [28, 29]. 
Because of the spatial inhomogeneities in these samples, the dI/dV curves exhibit more 
complicated behavior. On the Bi-2201 surface (Fig. 3A), the red dI/dV curve is taken on the 
spot marked by the red dot in the inset, which shows the CTG feature similar to those in 
CCOC and 2-layer CCOC. The blue curve is taken on the spot marked by the blue dot in the 
inset, which shows a broad electronic state within the CTG induced by local hole doping. The 
dI/dV curves on the Bi-2212 surface (Fig. 3B) are very similar to those of Bi-2201, with some 
locations showing the CTG feature (red curve) and some others showing the broad in-gap 
states (blue curve). The evolution of the in-gap states and their spatial variations are highly 
interesting in their own rights [30], but are not the focus of the current work. Plotting the 
CTG-type dI/dV curves of the two samples together (Fig. 3C), we find that the CTB changes 
little but the UHB shows a pronounced shift, in much the same way as that in Fig. 2D. The 
CTG size also decreases significantly from ΔCT = 1.5 eV in Bi-2201 to ΔCT = 1.0 eV in 
Bi-2212. 
The results shown above clearly demonstrate that within each cuprate family, the 
double-layer compound has much smaller CTG size than their single-layer counterpart. In Fig. 
4 we summarize the ΔCT value of the four cuprates studied here as a function of their 
respective Tc,max. There is an apparent anticorrelation between the two quantities within each 
 family: the smaller the ΔCT in the parent Mott insulator, the higher the Tc,max at the optimal 
doping. The overall trend is consistent with the theoretically predicted anticorrelation 
between the charge transfer energy εd - εp and Tc,max [15]. 
Discussion and conclusions 
The experimental trend observed here implies that the Tc,max of a cuprate at optimal 
doping is related to the CTG size in its parent compound. This is very surprising because the 
latter is a much bigger characteristic energy as compared to the former, and the two regions 
are well-separated in the phase diagram. We propose that the anticorrelation between ΔCT and 
Tc,max actually sheds important new lights on the mechanism of superconductivity in the 
cuprates. From the doped Mott insulator perspective, the superexchange coupling J between 
local moments is responsible for the spin singlet pairing [31]. In the three-band model, J has a 
complicated expression as a function of the bare charge transfer energy εd - εp and bare 
Hubbard U [1, 14]. Our observation suggest the CTG size is the most significant single 
parameter that determines the SC properties upon doping. In the scenario of single-band 
Hubbard model (Fig. 1B), we may define an effective superexchange Jeff ~ 4teff2/ΔCT, where 
teff is an effective hopping term characterizing the charge transfer process. Therefore the 
smaller the ΔCT, the larger the Jeff and hence the stronger the pairing strength. In Fig. 4 inset 
we plot Jeff ~ 1/ΔCT as a function of Tc,max, which has an approximately linear behavior (here 
we ignore the variation of teff for different cuprates). From the doped Mott insulator 
perspective, the CTG is necessary because it protects the local moments by putting a large 
energy penalty on double occupancy of electrons, which is the origin of strong correlation. 
However, if the CTG size is too large, it will weaken the pairing strength hence lowering the 
Tc,max that can be achieved. We note that in Bi-2212, the highest Tc cuprate studied here, the 
CTG size is merely 1.0 eV, putting it in the intermediately correlated regime. 
The next question is what factors determine the CTG size in the parent compound, which 
varies dramatically in the four samples studied here. Because the structure of a single CuO2 
plane is nearly the same in all cuprates, it is quite obvious that the out-of-plane environment 
is mainly responsible for the CTG size variations. As has been shown by first-principles 
calculations, a key factor is the negatively charged apical ions [32]. Unlike the single-layer 
 compound, which has two apical ions locating symmetrically outside the CuO2 plane, 
double-layer compound only has one apical ion outside each CuO2 plane, thus renders 
smaller ΔCT. This scenario explains the experimental observation that within each family, 
double-layer compound always has much smaller ΔCT than the single-layer one. Another 
experimental trend is that the CCOC compound always has a larger ΔCT than the Bi-family 
with the same number of CuO2 plane. The main difference between the two families is the 
change of apical ion from Cl to O, as well as the distance between the apical ion and the 
CuO2 plane. It is not straightforward why the former situation leads to a larger ΔCT than the 
latter, but apparently it is consistent with the first-principles calculations based on the realistic 
crystal structures [15]. 
The main message revealed by the observed relationship between ΔCT and Tc,max is that 
the fate of a particular cuprate family is encoded in its parent compound. This conclusion 
highlights the importance of Mottness in cuprate high temperature superconductors. Our 
experiments indicate that the parent CTG size is the most relevant energy scale for the origin 
of superconductivity. More importantly, ΔCT can be measured accurately by STM experiment, 
thus providing a stringent constraint on available theories. Moreover, the sensitivity of ΔCT to 
the out-of-plane environment suggests possible route to control ΔCT, and consequently Tc,max 
[33-35]. Strategy for enhancing superconductivity along this direction has been proposed 
theoretically [32], and is awaiting experimental confirmation. 
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 Figure Captions: 
Fig. 1. Phase diagram of hole-doped cuprates and crystal structure of the four materials 
studied here. (A) Schematic electronic phase diagram of hole-doped cuprates, showing the 
parent Mott insulator, the AF phase and the SC dome. The maximum SC transition 
temperature is marked by the orange dot. (B) Schematic band structure of parent cuprate. The 
charge transfer gap ΔCT is the energy distance between the UHB and the CTB. (C) The crystal 
structure of Ca2CuO2Cl2 (CCOC) and Ca3Cu2O4Cl2 (2-layer CCOC), respectively. (D) The 
crystal structure of Bi2(Sr,La)2CuO6+δ (Bi-2201) and Bi2Sr2(Ca,Dy)Cu2O8+δ (Bi-2212), 
respectively. 
Fig. 2. STM/STS results on pristine CCOC and 2-layer CCOC. (A) dI/dV spectrum 
measured on the pristine CCOC surface, showing the well-defined charge transfer gap. The 
inset shows the topographic image where dI/dV is taken. (B) The logarithm plot of the dI/dV 
curve of CCOC, showing how the CTG is extracted. The gap edges and the floor are fitted 
linearly (blue dashed lines), and the value of CTG is taken as the energy difference between 
the two intersecting points. (C) dI/dV spectrum showing similar CTG measured on 2-layer 
CCOC surface as shown in the inset topographic image. (D) Comparing the CTG in the two 
materials, the occupied band edge shows little change, while the unoccupied band edge 
displays more pronounced shift. The gap size shrinks significantly from CCOC to 2-layer 
CCOC. 
Fig. 3. STM/STS results on Bi-2201 and Bi-2212. (A) and (B) dI/dV spectra taken on 
Bi-2201 and Bi-2212, respectively. The insulating charge transfer gap (red) and broad in-gap 
states (blue) features show up at locations marked by the colored dots as shown in the insets, 
which are atomically resolved topographic images of Bi-2201 and Bi-2212. (C) The 
insulating dI/dV spectra of both Bi-2201 and Bi-2212 plotted in the same figure. The CTG 
 size of Bi-2212 is significantly smaller than that of Bi-2201. 
Fig. 4. Anticorrelation between the CTG and Tc,max. The measured charge transfer gap 
sizes in the above four materials as a function of their respective Tc,max. The experimental data 
demonstrates an anticorrelation between the CTG size and Tc,max for each family, which is 
illustrated by the two dashed lines. The inset shows the effective superexchange Jeff ~ 1/ΔCT 
plotted as a function of Tc,max, assuming the same teff for different materials. 
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